Abstract. The seasonal cycle of water vapor in the lower stratosphere is studied based on Halogen Occultation Experiment (HALOE) satellite observations spanning 1991-2000. The seasonal cycle highlights fast, quasi-horizontal transport between tropics and midlatitudes in the lowermost stratosphere (near isentropic levels -380-420 K), in addition to vertical propagation above the equator (the tropical "tape recorder"). The rapid isentropic transport out of the tropics produces a layer of relatively dry air over most of the globe throughout the year, and the seasonal cycle in midlatitudes of both hemispheres (and over the Arctic pole) follows that in the tropics. Additionally, the Northern Hemisphere summer monsoon has a dominant influence on hemispheric-scale constituent transport. Longitudinal structures in tropical water vapor and ozone identify regions of strong coupling to the troposphere; an intriguing result is that the solstice minima in water vapor and ozone are spatial separated from maximum convection and coldest tropical temperatures. Detailed comparisons with tropical aircraft measurements and the long record of balloon data from Boulder, Colorado, demonstrate the overall high quality of HALOE water vapor data.
Introduction
Water vapor provides a valuable tracer for studying transport into and within the stratosphere. The extreme dryness of the stratosphere was used by Brewer [1949] to deduce that air entered the stratosphere primarily in the tropics. The seasonal variation of water vapor in the tropical lower stratosphere is clearly tied to seasonality in tropical tropopause temperatures [Mote et al., 1996] , and the vertical propagation of this seasonal cycle in the tropics provides information on the mean upward Observations of water vapor in the midlatitude lower stratosphere also show an annual cycle that is temporally linked with the tropics [Mastenbrook, 1974; ttyson, 1983 ; Mastenbrook and transport regime" (as opposed to the "upper transport regime" above -20 kin), and Rose•lof el al. [1997] coined the term "tropically controlled transition region."
The Halogen Occultation Experiment (HALOE) has made high-quality, global measurements of stratospheric water vapor since late 1991. These measurements have relatively high vertical resolution (-2 kin), which can resolve the global structure of water vapor from the tropopause into the mesospherc . These data have been used by Tuck ctal.
[ 1993], Rosenlof et al. [ 1997 ] , Ra•del et al. [ 1998 l, and Jackso• et al. [1998] to study the global seasonal cycle of stratospheric water vapor and connections between tropics and midlatitudes. This paper presents an updated estimate of the seasonal cycle in HALOE data, with particular emphasis on the details of transport between tropics and midlatitudes in the lowermost stratosphere. While the concept of fast transport in this region of the atmosphere is not novel, the HALOE water vapor data provide a particularly clear depiction of this fundamental process. These data furthermore highlight the dominant role of the Northern Hemisphere (NH) summer monsoon circulations for influencing transport and tropospheric coupling on a hemispheric scale and suggest very weak transport in the summer polar lower stratosphere. We also briefly discuss climatological longitudinal structures evident in the lower stratospheric HALOE data and show correlated behavior in lower stratospheric ozone measurements.
The seasonal variability in HALOE measurements are compared in detail with available tropical aircraft measurements and also with the long record of balloon measurements at Boulder, Colorado. Although some limitations of HALOE water vapor are evident just above the tropical tropopause, overall these comparisons demonstrate that HALOE accurately captures the global seasonal cycle.
Data and Analyses

HALOE Water Vapor
The HALOE instrument provides high-quality, vertical profiles of water vapor, derived from solar occultation measurements, as discussed by Russell et al. [1993] and Harries et al. [1996] . We use the V19 retrieval product obtained in so- The HALOE solar occultation technique provides 15 sunrise and 15 sunset measurements per day, with each sunrise or sunset group near the same latitude but spaced -24 ø apart in longitude. The latitudinal sampling progresses in time, so that much of the latitude range 60øN-60øS is sampled in 1 month; the measurements extend to polar regions during spring through late summer. Our analyses here focus on the seasonal variation of zonal means and also on longitudinal structures (which are of interest in themselves and also necessary for comparisons with the Boulder balloon data). For the "zonal mean" analyses the profile measurements are binned into monthly samples according to analyzed potential vorticity (PV) fields, expressed in terms of equivalent latitude [Randel et al., 1998 ]. This has the dual advantage of separating physically distinct air masses (inside versus outside of the stratospheric polar vortex) and extending the effecti.ve latitude range of the data; the results are nearly identical to direct longitudinal means outside of high latitudes. The seasonal cycle is derived from a harmonic regression analysis of the combined sunrise plus sunset measurements sampled monthly on a 4 ø latitude grid, including annual and semiannual harmonics. The time period included is January 1992 to December 1999. Longitudinal variations of the seasonal cycle are derived by temporal harmonic analysis of monthly data binned on latitudelongitude grids (with a 4 ø x 30 ø latitude-longitude resolution). The monthly binning is performed using a Gaussian spatial weighting, with half widths of 1 o in latitude and 10 ø in longitude. This combination of space-time analysis produces reasonably detailed but smooth longitudinal information from the HALOE sampling.
Because HALOE measurements do not cover polar regions for much of the year, we extend our water vapor analyses to include polar data from the Microwave Limb Sounder (MLS) prototype V104 retrieval [Pumphrey, 1999] . These data cover 20 months (September 1991 to April 1993) and provide polar measurements during (approximately) alternate months. These data have vertical resolution of---2.5 km (twice the HALOE sampling interval used here), with retrievals on pressure levels spanning 100-0.1 mbar. We construct a seasonal cycle from the MLS data in an identical manner to our HALOE data treatment (with the harmonic analysis providing smooth interpolation of individual months with missing data) and then use the MLS results to fill polar regions not observed by HALOE. Small adjustments (constant offsets of a few percent) are made to the MLS data to join smoothly with the highest-latitude HALOE data each month. This produces a continuous global seasonal cycle at and above 100 mbar; between the tropopause and 100 mbar only HALOE data are available, and polar regions are left blank in the plots when data are missing.
Aircraft and Balloon Water Vapor Measurements
There are relatively few data sets that can quantify the seasonal cycle of water vapor above the tropical tropopause. The extension of the isolines around the NH maximum in Figure 4 suggests the monsoon influence extends from the deep tropics to polar latitudes.
Longitudinal Structure
The full three-dimensional variability of water vapor can also be examined using the long record of HALOE data. We find that than that over North America, the HALOE data show nearly equal maxima in water vapor over both regions. A minimum in tropical water vapor is observed over Indonesia in July, coincident with a local minimum in equatorial temperatures. We note that the water vapor minimum is centered south of the equator while maximum July convection is north, and this asymmetry is similar to that observed in January. Ozone in the lower stratosphere during July (Figure 7b) shows 
Comparison of HALOE, Aircraft and Balloon Data
The HALOE water vapor data have been found to compare favorably with several independent measurement techniques of WMO [2000] . As a complement to that work and to assess the ability of HALOE to sample the seasonal cycle (the focus of this work), we include here comparisons with the tropical seasonal cycle observed in aircraft data and the midlatitudes variations observed by balloon at Boulder, Colorado.
A detailed comparison of the HALOE seasonal variation at the equator with tropical aircraft measurements is shown in Figure 9 , for pressure levels 82, 68, and 56 mbar. The HALOE data for each month are shown as a distribution of all tropical (10øN -10øS) tropopause temperature. There are also coincident minima in ozone in both regions, which are evidence of recent transport from the troposphere. While the patterns (and inferred transport) are strongest over Indonesia, the observed local minima over Central America suggest that air enters the stratosphere over these longitudes also (consistent with the model calculations of Gettelman et al. [2000] ). An intriguing feature is that the water vapor and ozone minima in January occur north of the equator (centered near 10ø-20øN) , while minimum temperatures are centered on the equator and convection maximizes slightly south. This is surprising because in the simplest picture one expects minimum water vapor to be colocated with coldest temperatures [e.g., Newell and Gould-Stewart, 1981] and possibly with maximum convection [Danielson, 1982] . During NH summer, similar spatial patterns and asymmetries are observed in all quantities, with the latitudes reversed (i.e., minimum water vapor and ozone south of the equator). These coherent spatial structures are features that should be reproduced in realistic models of tropical troposphere-stratosphere exchange.
Localized maxima in water vapor are observed in the lower stratosphere over the Asian and North American monsoon regions during NH summer, consistent with direct transport of moist troposphere air into the stratosphere by monsoonal circulations. This hypothesis is consistent with coincident localized minima in ozone.
While the ozone and circulation statistics suggest the Asian monsoon to be larger than that over North America, the water vapor data show similarly sized maxima (at least for the relatively short HALOE record). These results confirm the important role of NH monsoonal circulations for constituent budgets in the lower stratosphere on a global
scale.
An important detail regarding the climatological variations discussed here is that they are representative of long-term means, and there is significant interannual variability evident in the lower stratosphere. As an example, Figure 12 . Overall these figures demonstrate a substantial degree of interannual variability in the HALOE data in the lower stratosphere. While the climatological features in HALOE data are in good overall agreement with seasonality in aircraft and balloon measurements, the utility of HALOE for quantifying interannual variability is a subject of ongoing research.
